Because pesticides may operate through different mechanisms, the authors studied the risk of prostate cancer associated with specific pesticides in the Agricultural Health Study (1993)(1994)(1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007). With 1,962 incident cases, including 919 aggressive prostate cancers among 54,412 applicators, this is the largest study to date. Rate ratios and 95% confidence intervals were calculated by using Poisson regression to evaluate lifetime use of 48 pesticides and prostate cancer incidence. Three organophosphate insecticides were significantly associated with aggressive prostate cancer: fonofos (rate ratio (RR) for the highest quartile of exposure (Q4) vs. nonexposed = 1.63, 95% confidence interval (CI): 1.22, 2.17; P trend < 0.001); malathion (RR for Q4 vs. nonexposed = 1.43, 95% CI: 1.08, 1.88; P trend = 0.04); and terbufos (RR for Q4 vs. nonexposed = 1.29, 95% CI: 1.02, 1.64; P trend = 0.03). The organochlorine insecticide aldrin was also associated with increased risk of aggressive prostate cancer (RR for Q4 vs. nonexposed = 1.49, 95% CI: 1.03, 2.18; P trend = 0.02). This analysis has overcome several limitations of previous studies with the inclusion of a large number of cases with relevant exposure and detailed information on use of specific pesticides at 2 points in time. Furthermore, this is the first time specific pesticides are implicated as risk factors for aggressive prostate cancer.
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Occupational exposure to pesticides has been associated with increased prostate cancer risk in many epidemiologic studies (1) (2) (3) (4) (5) (6) . In the Agricultural Health Study, the largest prospective cohort study to examine this association, a significant excess of prostate cancer has been observed for both private (farmer) and commercial applicators, with standardized incidence ratios = 1.19 (95% confidence Interval (CI): 1.14, 1.25) and 1.28 (95% CI: 1.00, 1.61), respectively, compared with rates expected in the 2 study states (7) . Although several groups or chemical classes have been linked to prostate cancer, including triazine herbicides (1, 8, 9) , organochlorine insecticides (9) (10) (11) (12) , and organophosphate insecticides (9, 13, 14) , none of the associations is conclusive, and it is unclear which specific pesticides might be driving the group findings. Alteration of hormonal signaling pathways or induction of DNA damage is each postulated as a mechanism (15) (16) (17) (18) (19) .
Investigation of the role of pesticides in prostate cancer development is complicated because of the need to obtain information on exposure to specific individual pesticides, to track changes in pesticide use patterns over time, and, because prostate cancer is so common in older men, to consider whether pesticides are associated with clinically significant or aggressive disease. We are aware of only 2 reports that considered tumor characteristics, one that reported no association between any pesticide exposure and risk of localized or advanced prostate cancer (20) and another that reported a larger proportion of later stage tumors among men with "significant" exposure to pesticides compared with men with no exposure (21) .
We used data from the Agricultural Health Study, a large cohort study of pesticide applicators with pesticide use data at 2 points in time, to evaluate the association between specific pesticide exposure and prostate cancer. We previously reported on pesticide use and prostate cancer risk among 566 incident cancer cases that occurred through 1999 (13) . In the current study, we extend follow-up through 2007 and update analyses to include 1,962 incident cases of prostate cancer (including 919 cases of aggressive prostate cancer).
MATERIALS AND METHODS

Study population
The Agricultural Health Study is a prospective cohort study of 52,394 licensed private pesticide applicators in Iowa and North Carolina and 4,916 licensed commercial Table continues applicators from Iowa. The cohort has been described in detail by Alavanja et al. (22) . Briefly, the cohort included individuals seeking licenses for restricted use pesticides from December 1993 through December 1997 (82% of the target population enrolled). All participants provided informed consent, and the protocol was approved by relevant institutional review boards. 
Tumor characteristics
Information on tumor characteristics was obtained from state cancer registries. Cases were characterized by stage (localized, regional, distant, or unknown extension or metastasis), histologic grade (well differentiated, moderately differentiated, and poorly differentiated), and Gleason score. Tumors that were not classified by pathologists were listed as having unknown grade. Gleason scores are currently equated with the 3 grade categories as follows: tumors with Gleason scores of 2-4 are classified as well differentiated, scores of 5-6 as moderately differentiated, and scores of 7-10 as poorly differentiated (23) . For cases diagnosed prior to January 1, 2003 , when the grading procedure was modified (23), we reabstracted Gleason scores Table continues of ≥8) in combination with the other factors listed above (stage, fatal disease).
Exposure assessment
Information on lifetime use of 50 pesticides was captured in 2 self-administered questionnaires (http://aghealth.org/ questionnaires.html) completed during cohort enrollment ( phase 1). All 57,310 applicators completed the first enrollment questionnaire, which inquired about ever/never use of the 50 pesticides, as well as duration (years) and frequency (average days/year) of use for a subset of 22 pesticides. In addition, 25,291 of 57,310 (44.1%) of the applicators returned the second (take-home) enrollment questionnaire, which inquired about duration and frequency of use for the remaining 28 pesticides. We used 2 exposure metrics to assess cumulative exposure to each pesticide: 1) lifetime days of pesticide use, that is, the product of years of use of a specific pesticide and the number of days used per year; and 2) intensity-weighted lifetime days of use, that is, the product of lifetime days of use and a measure of exposure intensity. Intensity was derived from an algorithm using questionnaire data on mixing status, application method, equipment repair, and use of personal protective equipment (24) . A follow-up questionnaire, which ascertained pesticide use since enrollment, was administered 5 years after enrollment ( phase 2) and completed by 36,342 (63%) of the original participants. For participants who did not complete a phase 2 questionnaire (20,968 applicators, 37%), a data-driven multiple imputation procedure was used to impute use of specific pesticides in phase 2. A detailed description of the imputation process and validation is described by Heltshe et al. (25) . Briefly, logistic regression and stratified sampling were used to impute use of specific pesticides in phase 2. All variables from phase 1 that had the potential to be associated with either missingness or pesticide use were considered. The variables most strongly predictive of use of any pesticide on the phase 2 questionnaire were gender, marital status, farm ownership, farm size, days/year mixing pesticides, percent time personally mixing pesticides, percent time personally applying pesticides, and application of any pesticide in the prior year.
Covariates associated with nonresponse to phase 2 were age, education, state, applicator type, and years mixing chemicals. Covariates from participants with complete data from both phases were modeled and then applied to the model for participants missing phase 2 data to obtain estimates of the missing data. To assess the imputation procedure, a 20% random sample of participants was withheld for comparison. The observed and imputed prevalences of any pesticide use in the holdout data set were 85.7% and 85.3%, respectively, indicating that the logistic regression model for the multiple imputation performed well. We combined phase 1 and phase 2 information to generate cumulative intensity-weighted and unweighted days of use. Web Table 1 (available at http://aje.oxfordjournals.org/) Table continues provides the complete list of pesticides and their prevalence of use. Data were obtained from Agricultural Health Study data release versions P1REL201005.00 (for phase 1) and P2REL201007.00 (for phase 2).
Statistical analyses
We conducted analyses using unlagged exposure and 15-year lagged exposure, which excluded the most recent 15 years of exposure for both lifetime and intensity-weighted days. For each chemical, we categorized exposure into nonexposed and quartiles or tertiles of exposure on the basis of the distribution of exposed cases. This was done separately for total and aggressive prostate cancer. We used Poisson regression to calculate rate ratios and 95% confidence intervals and used the MIANALYZE procedure in SAS, version 9.2, software (SAS Institute, Inc., Cary, North Carolina) to obtain the appropriate variance when using phase 2 imputed data in the 95% confidence interval calculation.
We evaluated only pesticides with 15 or more exposed cases of prostate cancer, thereby excluding trichlorfon and ziram. Rate ratios were adjusted for statistically significant (α = 0.05) predictors of prostate cancer in the Agricultural Health Study. We evaluated several lifestyle and demographic measures and identified the following as potential confounding variables: age at enrollment (<40, 40-49, 50-59, 60-69, ≥70); race (white, black, other, missing); state (Iowa, North Carolina); family history of prostate cancer in first-degree relatives (yes, no, missing); cigarette smoking history (never, former, current, missing); fruit servings (<1/day, ≥1/day); and leisure-time physical activity in the winter (none, >0-2 hours/week, ≥3 hours/week). We further adjusted models for other pesticides shown to be associated with prostate cancer in the current analysis. Separate analyses were conducted by disease aggressiveness, family history of prostate cancer (yes, no), state, applicator type ( private, commercial), age at enrollment (<65, ≥65), and for analyses of organochlorines with additional adjustment for body mass index. Likelihood ratio tests were used to assess differences between strata (P interaction ). We also analyzed phase 1 data only to assess the impact of the additional information collected or imputed from phase 2. All tests were 2 sided and conducted at the α = 0.05 level. Tests for trend used the midpoint value of each exposure category treated as grouped linear in regression models.
RESULTS
The mean age at prostate cancer diagnosis for applicators with a family history of prostate cancer was younger (65.2 years) compared with aggressive cases (67.1 years) or overall prostate cancer (66.5 years) ( Table 1) .
Results were comparable (not shown) for both metrics (lifetime and intensity-weighted lifetime days) for both lagged and unlagged exposures. Therefore, we present rate ratios for unlagged intensity-weighted lifetime days only. The association between cumulative exposure to selected pesticides and risk of total and aggressive prostate cancer is presented in Tables 2-4 . There was no significant association between any specific pesticide and risk of total prostate cancer. Four insecticides were, however, associated with aggressive prostate cancer: fonofos (rate ratio (RR) for the highest quartile of fonofos exposure (Q4) vs. nonexposed = 1.63, 95% CI: 1.22, 2.17; P trend < 0.0001); aldrin (RR for aldrin Q4 vs. nonexposed = 1.49, 95% CI: 1.03, 2.18; P trend = 0.02); malathion (RR for Q4 vs. nonexposed = 1.43, 95% CI: 1.08, 1.88; P trend = 0.04); and terbufos (RR for Q4 vs. nonexposed = 1.29, 95% CI: 1.02, 1.64; P trend = 0.03). The observed risk for each chemical persisted when they were analyzed together (simultaneous adjustment for fonofos, malathion, terbufos, and aldrin and aggressive prostate cancer). There was no association between the use of other organochlorine insecticides, triazine herbicides, or any other pesticides not presented and prostate cancer risk. Web Table 2 provides a list of rate ratios and 95% confidence intervals for the remainder of the 48 pesticides examined that are not presented in Tables 2-4 . Results from analyses of phase 1 data only yielded similar results (data not shown). Tables 5-7 show the association between pesticide exposure and total prostate cancer stratified by family history of prostate cancer. In the Agricultural Health Study, previous analyses suggested an increased risk of prostate cancer associated with selected pesticides for those with a family history of prostate cancer (13) . Here, we observed significant interactions between family history of prostate cancer and the use of fonofos (P interaction = 0.04) and aldrin (P interaction = 0.04). A significantly increased risk of prostate cancer was also observed for men with exposure to lindane who had a family history of cancer, while there was no increased risk among men without a family history, although this interaction was not statistically significant (P = 0.26). We observed no other significant interactions between pesticide exposure and family history of prostate cancer. Web Table 3 provides a list of rate ratios and 95% confidence intervals for the remainder of the 48 pesticides examined that are not presented in Tables 5-7. Separate analyses by state, applicator type ( private, commercial), age (<65, ≥65), and organochlorine models with additional adjustment for body mass index were not statistically significant and are therefore not shown. Results for alternative definitions of aggressive prostate cancer were similar to those presented and are therefore not shown. Limited statistical power precluded detailed analysis of family history of prostate cancer with exposures to fonofos, malathion, terbufos, or aldrin among those with aggressive prostate cancer.
DISCUSSION
In this analysis, we observed significant increases in the risk of aggressive prostate cancer associated with 4 insecticides: fonofos (organophosphate), malathion (organophosphate), terbufos (organophosphate), and aldrin (organochlorine). Further, we observed significant increases in risk of total prostate cancer with increasing use of fonofos and aldrin among those with a family history of prostate cancer but no increased risk among those without a family history. These findings are consistent with some findings from an earlier follow-up of these data from the Agricultural Health Study and offer new insights about risk of aggressive prostate cancer.
An earlier report from the Agricultural Health Study that included 566 prostate cancer cases occurring from enrollment until 1999 identified only the use of the fumigant methyl bromide to be significantly associated with prostate cancer risk (aggressive prostate cancer was not evaluated). This risk does not persist with additional follow-up (26) , although methyl bromide use has declined from 1993-2005 because of a US Environmental Protection Agency phaseout. Here, we found the strongest associations for aggressive prostate cancer and use of fonofos, terbufos, malathion, and aldrin. Fonofos and terbufos have previously been associated with prostate cancer in earlier follow-up analyses in the Agricultural Health Study, although these associations were observed only among men with a family history of prostate cancer (14, 27) . A recent Canadian prostate cancer casecontrol study reported no association with fonofos (5 exposed cases) but a significant increased risk with malathion (82 exposed cases) (1). Another study from California reported no risk associated with malathion (222 exposed cases) (9). We are not aware of other epidemiologic studies that have reported on the use of terbufos and prostate cancer risk. An association between aldrin and prostate cancer was observed previously in the Agricultural Health Study (13) but not after subsequent follow-up (28) . Several occupational studies have implicated organochlorine insecticide use and prostate cancer risk (11, 13, (29) (30) (31) ; however, risk associated with specific organochlorine insecticides was less clear. None of these studies focused specifically on aggressive prostate cancer.
Fonofos (O-ethyl S-phenyl ethylphosphonodithioate), which as of 1998 is no longer registered for use in the United States (32) , and terbufos (S-tert-butylthiomethyl O, O-diethyl phosphorodithioate) are classified by the US Environmental Protection Agency as group E for carcinogenicity (evidence of noncarcinogenicity for humans) (33) . Organophosphate insecticides such as fonofos and terbufos are metabolized to their highly toxic oxon intermediate. The oxon form of the compound is more toxic than the parent compound and has been associated with a number of biologic endpoints including the generation of reactive oxygen species and DNA damage (34) (35) (36) . Alternatively, these pesticides might impact other important cellular functions. In the Agricultural Health Study, we observed a significant interaction between terbufos and fonofos exposure and genetic variants on chromosome 8q24 and risk of prostate cancer (37) . Recent studies have suggested that 8q24 variants might be related to the nearest coding region, the MYC gene, and its expression (38) , suggesting that these pesticides might influence prostate cancer risk by altering important cancer signaling pathways involved in cellular adhesion, proliferation, and differentiation. The US Environmental Protection Agency concluded in 2000 that there was "suggestive" evidence of carcinogenicity for malathion, while the International Agency for Research on Cancer lists malathion in group 3, or not classifiable as to its carcinogenicity to humans. Like the other organophosphate insecticides, purported mechanisms of action include direct genotoxicity (of either malathion or malaoxon) (39, 40) and potential endocrine disruption (41, 42) . The International Agency for Research on Cancer lists aldrin as not classifiable as to its carcinogenicity to humans (group 3). Organochlorine insecticides are putative endocrine disruptors that accumulate and persist in adipose tissue, providing a background of continuous endocrine perturbation that may increase prostate cancer risk (43, 44) . Because these compounds are stored in fat, we additionally considered body mass index as an adjustment factor in these models (not shown). Body mass index was not a confounder or effect modifier of the relation between organochlorine insecticide use and prostate cancer in our study.
Of the 9 organophosphate insecticides evaluated for risk, 4 are dithioates: fonofos, malathion, phorate, and terbufos (http://www.alanwood.net/pesticides/class_insecticides.html), and we observed significant increased risks with 3 of the 4. Interestingly, a recent study reported another dithioate insecticide, azinphos-methyl, with an increased risk of prostate cancer (1) . Although these pesticides might be similar with respect to their structure, there is still little information overall about their role in the carcinogenic process. Our observation for associations between these pesticides and aggressive prostate cancer suggests they may play a role in prostate cancer progression rather than at the earlier initiation stage of transformation. Future work on the mechanisms by which dithioate insecticides might impact prostate carcinogenesis would be valuable.
An alternative explanation for the lack of association between total prostate cancer and a positive association for aggressive cancer may be screening bias. It has been suggested that pesticide applicators would have lower prostatespecific antigen screening rates than the general population on account of greater variability in the availability of health insurance or access to care in rural areas (45, 46) . This would result in a bias of risk estimates toward the null for total prostate cancer and may explain the lack of association and/or smaller effect sizes observed for total prostate cancer in our study. Conversely, we would also have to consider whether the observed pesticide associations for (47) . We additionally explored whether prostate-specific antigen screening might act as a confounder of the observed significant association and found no change in risk estimate with this additional adjustment. Taken together, this suggests that screening We also observed an association between fonofos and aldrin use and risk of total prostate cancer that was modified by family history of prostate cancer. This is consistent a Numbers do not sum to total because of missing data. b Adjusted for age, state, race, smoking, fruit servings, and leisure-time physical activity in the winter. c Detailed information for these chemicals was collected on the take-home questionnaire at enrollment. with the observed effect modification by family history for fonofos within the Agricultural Health Study (13, 14) and provides new information about potential effect modification from a family history of prostate cancer among individuals with exposure to aldrin. These observations suggest that selected insecticides may interact with genetic determinants or that nongenetic factors that track in families might account for the observed association. Our study is able to address several limitations common in other studies of pesticide use and prostate cancer. It included a large number of prostate cancer cases with exposure to pesticides and detailed information on use of specific pesticides that was available at 2 points in time. We also provided risk estimates, for the first time, for specific pesticides and clinically significant prostate cancer. Some limitations of our study should also be acknowledged. For example, information on the Gleason score was missing for 30% of the cases in North Carolina, which most likely led to an underestimation of advanced cases from this state. If these underestimated cases were more likely to have high exposure to the observed chemicals with an association for prostate cancer, the true risk may be higher than we observed here. Furthermore, Gleason scores were not standardized by centralized pathologic review. Moreover, because detailed information on some pesticides was collected only from the take-home questionnaire, missing data on these chemicals could introduce selection bias. We believe this is unlikely however, since individuals completing the take-home questionnaire were comparable to nonrespondents (48) . In addition, although information on pesticide use provided by farmers in the Agricultural Health Study is quite reliable (49, 50) , exposure misclassification undoubtedly occurred. In a prospective study such as the Agricultural Health Study, such misclassification is likely to be nondifferential and would tend to bias relative risks toward the null and diminish any "real" exposure-response gradients (51) . Finally, given the large number of pesticides examined, we cannot rule out the possibility that some of our findings might be due to chance.
In conclusion, we observed significant increases in the risk of aggressive prostate cancer associated with 4 insecticides: fonofos (organophosphate), malathion (organophosphate), terbufos (organophosphate), and aldrin (organochlorine). This is the first time specific pesticides have been studied as risk factors for aggressive prostate cancer. These pesticide-specific findings need to be supported by mechanistic studies where there is still limited information about how pesticides impact carcinogenesis. Future follow-up in the Agricultural Health Study to further evaluate the relation between pesticides and aggressive prostate cancer is anticipated.
